Yeasts grown in the presence of benzoic acid tolerated 40 to 100% higher benzoic acid concentrations than did those grown in the absence of weak-acid-type preservatives. They also accumulated less benzoate in the presence of glucose. In chemostat cultures, benzoic acid reduced growth yield and the rate of cell production but increased specific fermentation rates. Benzoate contents were lower than those required for equilibrium when cells were impermeable to benzoate anion. Intracellular pHs were maintained near neutrality. Between species, stimulation of fermentation was inversely related to preservation resistance but was unrelated to the maximum rate of fermentation. The results show that a major effect of benzoic acid on yeasts in the presence of an energy source is the energy requirement for the reduction in cytoplasmic benzoate concentration and maintenance of pH. This energy source is unavailable for growth, resulting in lower growth yields and rates. Resistant species may be less permeable to undissociated benzoic acid.
Yeast species differ considerably in their tolerance of weak-acid-type preservatives (1) . There are, however, only small differences in the relative effectiveness of each preservative between species. Species that are tolerant of one preservative tend to be tolerant of the others (16) . This fact, together with the generally unexceptional chemical structures of these preservatives, suggests that their main mode of action in the acid conditions under which they are used is related simply to their properties as water-soluble but lipophilic acids.
Cells generally are very permeable to undissociated preservatives but are commonly considered impermeable to the anions, in which case, at equilibrium in an acid medium, considerable concentration of the preservative anion in the cytoplasm occurs. Zygosaccharomyces bailii, grown in the presence of a weak-acid-type preservative, accumulated much lower amounts of preservative than were predicted from the internal pH by the above-mentioned equilibrium (16) . This result questions the assumption of anion impermeability and suggests the inducible formation of a transport system for a preservative anion. In this case, anion may leave the cell in accordance with the electrochemical gradient, but an equivalent of undissociated preservative will enter. If the cytoplasmic pH is maintained above the equilibrium level for the dissociation of a preservative, then a continuous energy expenditure will be required to remove hydrogen ions.
Energy expended on the reduction of preservative concentration and the maintenance of intracellular pH is not available for growth; therefore, a reduction in the cellular growth yield is expected. Indeed, major reductions in the yield of cells grown in the presence of preservatives have been reported (2, 12, 15, 17) , although the significance of this effect in understanding the mechanism of action of preservatives has not often been realized. Recently, Cole and Keenan (4) found much lower cytoplasmic pHs than did Warth (16) (18, 19) , and were repeated with 5% glucose. No significant differences were found, and the results for the two series were averaged. Assays. Carbon dioxide was measured by collecting the effluent into flexible bags made of polyethylene-ethylene vinyl alcohol-nylon laminate for 1 h. The gas volume was measured with a calibrated syringe, the liquid volume was measured by weighing, and dissolved CO2 was calculated. Ethanol was determined by gas chromatography (17) , and glucose and fructose were determined by the method of Somogyi (14) . Dry weight were determined by filtering through polycarbonate filters, washing with water, drying at 100°C for 16 h, and weighing on an electrobalance. The benzoic acid content of chemostat cells was determined at the conclusion of the run by filtration or centrifugation (5,000 x g, 2 min) of 10 ml of culture, extraction of the unwashed filter plus pellet with 0.25 ml of 0.05 M sodium acetate (pH 5.5) at 100°C for 3 min, centrifugation, and high-pressure liquid chromatography (17) . Corrections were made for the benzoic acid in the interstitial space of the pellet and in the filter. Cell water, interstitial space, and filter hold up volumes were measured by using [14Cjsorbitol.
Intracellular pH. Exponential-phase cultures (0.5 to 1.5 mg [dry weight] per ml) were centrifuged and suspended (50 mg/ml) in fresh medium. Samples (1 to 2 ml) were filtered and washed with 0.5 ml of cold 0.1 M KCI, and the pellets were scraped into polythene caps and frozen in liquid nitrogen. During filtration and washing all cultures were actively producing CO,. The pellets were thawed under hexane at 0 to 100C and refrozen six times. Finally, they were warmed to 250C, and the pH was determined within 1 min by using a flat glass electrode. Cell leakage was evident from liquefaction of the pellet. No additional solvent was necessary. Calculations of intracellular pH used the value found for Z. bailii cytoplasmic fluid of 1.85 .l1/mg (dry weight). in all of the species tested (Fig. 1) . As there were no significant differences between the amounts of CO, and ethanol produced, the results were averaged and presented as the fermentation rate. The effect was not proportional to the benzoic concentration. The reductions in growth yield were mainly due to large reductions in the rate of cell production in the chemostats (Fig. 2) and not as much to increases in the fermentation rate (Fig. 3) .
Benzoic acid stimulated fermentation in cells. The specific fermentation rate increased with benzoic acid concentration and showed no sign of inhibition at the highest concentrations (Fig. 4) . Sugar levels in the chemostats did not change greatly at different benzoic acid concentrations and were nearly all within the range of 2 to 4%, (data not shown). As there was insufficient material in the chemostats for cytoplasmic pH determinations, cells were grown in batch cultures and the pHs were determined under conditions similar to those in the chemostats. Intracellular pHs for cells growing in the absence of benzoic acid were from 6.9 to 7.2 (Table  3) . Benzoic value measured being 6.4 ( Table 3 ). The predicted uptake of benzoate, based on these pHs and the assumption of anion impermeability, was from 240 to 1,500 nmol/mg per mmol of benzoic acid in the medium. The measured benzoate contents of the chemostat-grown cells were much lower than this ( Table 4 ), indicating that growing cells in fact maintained a much lower content of preservative than was indicated from the pH equilibria.
Relationships between fermentation parameters and preservative resistance of yeast species. The stimulation of the fermentation rate of cells by benzoic acid (Fig. 4) was greatest in species sensitive to benzoic acid and much lower in resistant species. Differences in preservative resistance between species may be due principally either to differences in the permeability of the cells to undissociated preservatives or to the capacity to cope with high rates of influx. Species which have a uniform capacity to export protons and anions might all tolerate a common maximum rate of entry of preservatives into the cells. The rate of entry is the product of the medium concentration and the permeability. DISCUSSION A major effect of benzoic acid observed in each of the species was to reduce growth yields. In growing cells, intracellular pH levels were maintained near neutrality; however, intracellular benzoate concentrations were lower than predicted for equilibrium in cells freely permeated by undissociated benzoic acid. Since benzoic acid is known to rapidly enter most cells, including S. cerevisiae (11) and Z. bailii (16) , energy is required to displace the equilibrium. The energy used in maintaining a lowered intracellular benzoate concentration is not available for growth, resulting in lowered growth yields. The major energy requirement comes from the need to export the hydrogen ions which arise from dissociation of the benzoic acid which is continuously entering the cell. The export of benzoate anion probably does not require additional energy as, in energized cells, benzoate would flow down the electrochemical gradient. Measurements of membrane potential are needed to support this idea.
Reduction of the intracellular preservative anion concentration and maintenance of a high intracellular pH appear to be important priorities for adapted cells growing with an adequate energy supply, since adapted cells of each species showed these responses and generally had higher MICs. This mechanism requires a continuous use of energy and therefore would be detrimental to survival in low-energy situations. In the absence of glucose, yeasts accumulated higher levels of benzoate, and Z. bailii cells (16) had a reduced pH. It is possible that anion efflux is directly regulated, but a simpler possibility is that it reaches a semiequilibrium with external benzoate because of a positive membrane potential. This is likely, since the ApH is very high. Positive membrane potentials are observed in acidophilic bacteria, particularly during starvation, and may be due to Donnan effects (8) . However, little is known about mechanisms for the maintenance of pH and ion concentrations in low-energy situations in yeasts in acidic media.
The simplest explanation for the nonequilibrium uptake (16) is that the cell is either permeable to or forms a carrier for weak-acid-type preservative anions. The latter possibility is equivalent to a pump, although this usage has been criticized (4) because of the apparent lack of specificity (16). Cole and Keenan (4) suggested that Z. bailii may instead increase its cytoplasmic buffering capacity and secrete organic acids produced during normal metabolism. These mechanisms do not appear to be adequate to explain the disequilibrium found in the present work.
There are major variations in the pHs reported for yeasts (3) . Many of these may be due to differences in conditions, particularly the energy level of the cells, but there also appear to be discrepancies between methods. Determination by the method of equilibrium uptake of weak acids was inappropriate in the present study because of the possibility of anion permeability, and it is not an independent method in studies of benzoate accumulation. Table 4 under the same assumption. Low values were also found by using fluorescein fluorescence of starved cells plus glucose (4) . On the other hand, the intracellular pH of S. cerevisiae measured by nuclear magnetic resonance at pH 3.6 in the presence of glucose was 7.2 (13) , in agreement with the present results. More studies on the validity of methods for intracellular pH determination in yeasts are required. The postulation of anion transport depends directly on the apparent discrepancy between the preservative uptake and the intracellular pH (16) . A very low cytoplasmic pH would remove this need but seems unlikely for metabolically active cells. The concept of preservative cycling also provides a direct explanation of the effect of preservatives on growth yield.
In adapted yeast cells, the mechanism of action of benzoic acid is not a simple acidification of the cytoplasm or a direct effect of the benzoate anion. At benzoic acid concentrations below the MIC, fermentation was actually stimulated, and the cytoplasmic pH was not reduced to a significantly low level. The observed reduction in growth rates can be largely explained by the reduced growth yields. Full inhibition of growth occurs catastrophically when the capacity of cell systems to handle the influx of undissociated benzoic acid is exceeded. Either the cytoplasmic pH then drops if the proton extrusion pump or the energy supply is limiting or the benzoate anion accumulates to high levels if the membrane potential becomes more positive or if the transport rate becomes limiting. Both of these effects may inhibit glycolysis, leading to further inhibition and rapid collapse of the system and then to full inhibition of growth. In S. cerevisiae, benzoic acid inhibited growth by acidification of the cytoplasm, leading to the inhibition of glycolysis because of a specific inhibition of phosphofructokinase (10) .
Preservatives may have other modes of action which limit growth under different circumstances. At higher pHs, at which the pH stress is lower, or under nutrient-limiting conditions, the inhibition of active transport may be critical in bacteria and other cells (7) , molds (9), yeasts (5), and Z. bailii (17) . At high concentrations cell death may be due to more general effects on the cell membrane (6).
Adaptation to preservatives, which was first observed in Z. bailii (16), appears to be common in yeast species. For all species, cultures grown in benzoic acid had lower benzoate contents and higher MICs. In some cultures to which benzoic acid was not added, glucose reduced benzoate accumulation. This reduction could have been caused by temporary acidification of the cytoplasm, the system may have been partly constitutive, or the reduction may have been induced by metabolites such as low-molecular-weight fatty acids. In Z. bailii the system was induced by benzoic, sorbic, and lower aliphatic acids (16) . The possibility that yeasts may become permeable to weak acid anions means that their usage to determine intracellular pHs should be viewed with caution.
Adaptation alone does not explain the differences in tolerance between yeast species. Benzoate stimulated the fermentation rate of sensitive species more than it did that of resistant ones. This result suggests that more energy was required to remove the hydrogen and benzoate ions because benzoic acid was entering the cells more rapidly. The lack of a relationship between maximum fermentation rate and resistance suggests that there may not be large variations in the capacity to export hydrogen ions. The main variations between species, then, appear to be the size and permeability to undissociated preservative of the cells. This hypothesis has been generally confirmed by direct determination of the uptake rates in a larger number of species (unpublished data).
